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Summary
Plant and animal viruses encode suppressor proteins
of an adaptive immunity mechanism [1] in which viral
double-stranded RNA is processed into 21–25 nt short
interfering (si)RNAs. The siRNAs guide ARGONAUTE
(AGO) proteins so that they target viral RNA. Most viral
suppressors bind long dsRNA or siRNAs [2–11] and
thereby prevent production of siRNA or binding of
siRNA toAGO. The one exception is the 2b suppressor
of Cucumoviruses that binds to and inhibits AGO1
[12]. Here we describe a novel suppressor mechanism
in which a Polerovirus-encoded F box protein (P0) [13]
targets the PAZ motif and its adjacent upstream se-
quence in AGO1 and mediates its degradation. F box
proteins are components of E3 ubiquitin ligase com-
plexes that add polyubiquitin tracts on selected lysine
residues and thereby mark a protein for proteasome-
mediated degradation [14]. With P0, however, the tar-
geted degradation of AGO is insensitive to inhibition
of the proteasome, indicating that the proteasome is
not involved. We also show that P0 does not block
a mobile signal of silencing, indicating that the signal
molecule does not have AGO protein components.
The ability of P0 to block silencing without affecting
signal movement may contribute to the phloem
restriction of viruses in the Polerovirus group.
Results and Discussion
Most plant viral suppressors of RNA silencing bind ei-
ther to long dsRNA or to siRNA duplexes [6]. The excep-
tions are the 2b protein of Cucumoviruses [12] that binds
to and inactivates an AGO1 effector protein of silencing
[15–19] and the P0 RNA silencing suppressor of the
Poleroviruses (family Luteoviridae). P0 is an F box pro-
tein that interacts with the Arabidopsis homologs of
the S-phase kinase-related protein 1 (SKP1) ASK1 and
ASK2 [13, 20], and it does not have RNA binding activity
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bridge, Downing Street, Cambridge CB2 3EA, United Kingdom.[12]. The ASK1/2 interaction is dependent on integrity of
the N-terminal F box [13], and it was suggested that P0
together with ASK1/2, RBX1, and CULLIN1 would form
an SCF-like E3 ubiquitin ligase involved in the specific
ubiquitylation of a silencing-related protein [13]. Con-
sequent to ubiquitylation, this silencing-related protein
would then be targeted for proteasome-dependent
degradation.
These F box characteristics prompted us to investi-
gate whether P0 targets Arabidopsis AGO1. The assay
involved transient expression of Beet western yellows
virus (BWYV) P0 together with a FLAG-tagged version
of the Arabidopsis AGO1 protein in leaves of Nicotiana
benthamiana. We have previously used this transient as-
say system to show that Arabidopsis AGO1 is pro-
grammed by N. benthamiana miRNAs and that it directs
cleavage of mRNAs with an miRNA target sequence [18].
Degradation of AGO1 in the presence of P0 would sug-
gest, although not prove, that it had been targeted by
an E3 ubiquitin ligase. We used GUS—a protein with
no suppressor activity—and silencing suppressors
P19, P38, and Hc-Pro that bind RNA as controls in this
experiment. The promoter in these transient expression
constructs was the strong constitutive 35S promoter of
Cauliflower mosaic virus.
Northern blotting revealed that AGO1 mRNA levels
were higher after 72 hr of transient expression in the
presence of the suppressor proteins than with GUS
(Figure 1A). This effect is likely to be because, in the ab-
sence of suppressor proteins, the AGO1 mRNA would
be targeted by an endogenous miRNA (miR168) that is
complementary to AGO1 mRNAs [21, 22]. In addition,
it is likely that AGO1 siRNA production would be acti-
vated in the absence of the suppressors by the tran-
siently expressed AGO1 transgene. With P19, P38, and
Hc-Pro, the enhancement of AGO1 mRNA was associ-
ated with an increase in AGO1 protein. However, with
P0, the full-length AGO1 protein was undetectable de-
spite the abundance of its mRNA (Figure 1A, top and
middle). This degradation effect was specific for AGO1
because another FLAG-tagged protein (Rx-LRR) was
stable when coexpressed with P0 (Figure 1B). A 45 kDa
fragment was detected in some experiments when
AGO1 was expressed with P0. However, this small
AGO1 fragment was not present in all experiments and
is not a primary component of the P0-mediated degra-
dation of AGO1, for reasons that are discussed below.
We confirmed previous findings (Figure S1 in the Sup-
plemental Data available online) that suppression of si-
lencing was lost in an F box mutant form of P0 (P0lp)
[13]. In addition, we established that P0lp had lost the
ability to destabilize AGO1 (Figure 1C) expressed under
an estradiol-inducible promoter (pER:FLAG-AGO1).
This construct was coexpressed with 35S:P0-3xmyc or
35S:P0lp-3xmyc. FLAG-AGO1 expression was induced
after 72 hr and FLAG-AGO1 protein level was assessed
24 hr later, at 4 dpi. This protocol allowed expression
of P0 to be established in advance of FLAG-AGO1.
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1610FLAG-AGO1 expressed in the presence of 35S:P0-
3xmyc was unstable, whereas, with 35S:P0lp-3xmyc, it
was not (Figure 1C), but we cannot conclude from this
experiment that P0lp had lost the ability to destabilize
FLAG-AGO1: the absence of silencing suppressor
Figure 1. P0 Destabilizes ARGONAUTE1 Protein
(A) Viral silencing suppressors were transiently coexpressed with
Arabidopsis FLAG-ARGONAUTE1 in N. benthamiana leaves by
Agrobacterium infiltration. FLAG-ARGONAUTE1 protein and RNA
levels were tested 72 hr after infiltration. Top: Western blot of total
protein extracts detected with FLAG antibodies. FLAG-AGO1 and
the p45 FLAG-AGO1 product are indicated by a black and a white ar-
row, respectively. A crossreacting band, used as a loading control, is
indicated by a star. Middle: Northern blot of total RNA probed with
a full-length ArabidopsisARGONAUTE1 cDNA probe. Bottom: Ribo-
somal RNAs detected by methylene blue staining of the membrane.
(B) The FLAG-tagged LRR domain of the resistance to PVX protein
Rx was transiently coexpressed with P0 or GUS. Protein levels
were tested 72 hr after infiltration as in (A). The FLAG-LRR Rx protein
is not affected by P0 unlike FLAG-AGO1. A crossreacting band, used
as a loading control, is indicated by a star.
(C) AGO1 destabilization is dependent on the F box motif of P0.
35S:P0 3xmyc and 35S:P0lp-3xmyc were transiently coexpressed
with an estradiol-inducible FLAG-AGO1 construct (pER:FLAG-
AGO1) in wild-typeN. benthamiana leaves, and FLAG-AGO1 expres-
sion was induced after 72 hr. Protein levels were tested 24 hr after
estradiol induction. AGO1 and P0 were detected with FLAG and
myc antibodies, respectively. Equal loading was verified by coomas-
sie blue staining of the membrane after western blot.activity meant that 35S:P0lp-3xmyc was self silenced
(Figure S1) and the encoded protein did not accumulate
(Figure 1C). However, if the P0 constructs were coex-
pressed with the P38 suppressor of silencing, there
was the same differential accumulation of FLAG-AGO1
with 35S:P0-3xmyc and 35S:P0lp-3xmyc (Figure 1C),
and we conclude that P0-3xmyc but not P0lp-3xmyc
destabilized FLAG-AGO1. Therefore, the F box in P0 is
required for multiple effects including silencing suppres-
sion [13], interaction with E3 ubiquitin ligase compo-
nents ASK1 and ASK2 [13], and destablization of
FLAG-AGO1. These findings suggested to us that
a SCF-type E3 ubiquitin ligase is involved in P0-mediated
destabilization of AGO1 and suppression of silencing.
SCF-type E3 ligases usually regulate their targets
through polyubiquitination and subsequent degradation
by the 26S proteasome. To find out whether AGO1 de-
stabilization in the presence of P0 was proteasome de-
pendent, we transiently expressed 35S-P0 or 35S-GUS
constructs together with pER:FLAG-AGO1 and induced
AGO1 expression by estradiol treatment after 48 hr. Pro-
teasome activity was also inhibited at the same time by
treatment with MG132. Proteins were extracted and an-
alyzed by western blotting after a further 16 hr. The use
of this inducible system avoided any complications re-
sulting from an effect of the proteasome inhibitor on
transfer of DNA from Agrobacterium to the plant during
the transient expression assay.
The treatment with MG132 led to the accumulation of
polyubiquitinated proteins (Figure 2A, bottom), indicat-
ing that the inhibitor had been taken up by cells and
was blocking proteasome-mediated protein degrada-
tion. However, there was no effect on the P0-mediated
destabilization of the full-length AGO1 (Figure 2A, top).
There was, however, a reproducible increase in the level
of the 45 kDa N-terminal fragment of AGO1. Epoxomicin
and MG115, two other proteasome inhibitors, gave iden-
tical results (Figure 2B). The increase in the level of the
45 kDa N-terminal fragment was not related to the pres-
ence of the FLAG tag because it was also detected with
polyclonal antibodies raised against the peptide se-
quence 2–17 of AGO1 (Figure 2C). The 45 kDa fragment
detected with this peptide antibody was, as with the
FLAG-tagged protein, enhanced when P0 and AGO1
were coexpressed with MG132 (Figure 2C). However,
this N-terminal AGO1 fragment was also detected at
a low level in the presence of MG132 and the absence
of P0. It is likely, therefore, that the 45 kDa protein repre-
sents an AGO1 degradation pathway that is not strictly
dependent on P0 although it may be directly or indirectly
enhanced by its presence.
The features of FLAG-AGO1 conferring susceptibility
to P0-mediated destabilization are present in paralo-
gous AGO proteins in Arabidopsis including AGO2,
AGO4-6, and AGO9 (Figure S2). To investigate these fea-
tures in more detail, we constructed a series of FLAG-
AGO1 deletion constructs in the 35S-promoter expres-
sion vector. Transient expression of these constructs
(Figure 3A) revealed that susceptibility to P0-mediated
destabilization was retained by all constructs with both
the PAZ domain and the adjacent sequence—the ND
domain. C-terminal (FLAG-AGO1DC-PAZ) or N-terminal
(FLAG-AGO1DN-PAZ) truncated versions lacking the
PAZ domain were fully stable in presence of P0
P0 Targets Argonautes for Degradation
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(A) Inhibition of the proteasome with MG132 does not block AGO1
degradation by P0. An estradiol-inducible FLAG-AGO1 construct
(pER:FLAG-AGO1) was transiently transformed with 35S:P0 or
35:GUS by Agrobacterium infiltration in N. benthamiana leaves.
Proteasome inhibition and FLAG-AGO1 expression were started
simultaneously 48 hr later by leaf infiltration of MG132 50 mM and
b-estradiol 5 mM. FLAG-AGO1 protein levels were assessed 16 hr
later by western blot. Top: Western blot of total protein extracts de-
tected with FLAG antibodies. FLAG-AGO1 (indicated by a black ar-
row) was not affected by MG132 treatment, but a 45 kDa polypeptide
corresponding to the N-terminal part of FLAG-AGO1 (indicated by
a white arrow) was more abundant when P0 is coexpressed with
AGO1 in the presence of MG132 treatment. A crossreacting band
is indicated by a star. Bottom: Replicate western blot probed with
ubiquitin antibodies to detect the increased accumulation of polyu-
biquitinated proteins upon treatment by MG132.
(B) MG115 and Epoxomicin, two other inhibitors of the proteasome,
have similar effect to MG132. Inhibitors were applied as described in
Figure 1A at 1 mM and 50 mM, respectively.(Figure 3B). It is likely that both ND and PAZ are required
for this effect because FLAG-AGO1-ND-PAZ with N- and
C-terminal deletions was destabilized by P0 (Figure 3B),
whereas FLAG-AGO1-ND (lacking the PAZ domain) and
FLAG-AGO1DC-PAZ (lacking the ND domain) were not.
To further explore the mechanism of P0 suppression
of silencing, we analyzed the effect of P0 on the produc-
tion and effectiveness of primary siRNA from inverted
repeat GFP transcripts (GF-IR). GF-IR was coexpressed
with a GFP reporter of silencing in these experiments in
either the presence or absence of P0, and P38 was
a positive control. The P38 suppressor almost com-
pletely abolished primary siRNAs (detected by a ‘‘GF’’
probe from the part of the GFP sequence used in the
GFPi construct; Figure 4A; smRNA panel), consistent
with the previous observation that it blocks DCL4-
dependent processing of extended dsRNA molecules
into siRNAs [23]. In contrast, in leaves expressing P0,
these primary siRNAs were as abundant as in the ab-
sence of a suppressor of silencing (lanes GUS and P0
of the smRNA panel of Figure 4A), although silencing
of the GFP reporter was suppressed (GFP fluorescence,
mRNA, and protein panels of Figure 4A).
From this experiment, we conclude that P0-mediated
suppression of silencing is due to an effect that is down-
stream of Dicer function in RNA silencing pathways. It
seems that the presence of a PAZ domain in Dicer
does not target this protein for degradation by P0 pre-
sumably because it is not adjacent to an ND domain
as in AGO proteins (Figure 3). The simplest interpreta-
tion of this result, in combination with our other findings
(Figures 1–3), is that P0 suppresses silencing by target-
ing degradation of AGO proteins. However, we cannot
formally rule out that other activities of P0 combine
with targeted degradation of AGO to enhance the
suppression of silencing.
A previous report described how P0 prevents siRNA
production in a transient expression system similar to
that described here [13, 20]. This earlier result contrasts
with our finding that P0 has no effect on accumulation of
GF siRNAs (Figure 4A). However, these contrasting data
can be reconciled because, in the earlier work, the siR-
NAs [13, 20] were secondary. Secondary siRNAs are
likely to be suppressed by P0 because they are thought
to be produced in a mechanism that is dependent on an
AGO protein associated with a primary siRNA or miRNA
[24]. The AGO protein interaction with the target RNA
would allow an RDR protein to generate the dsRNA pre-
cursor of secondary siRNAs [25], as in trans-acting
siRNA biogenesis.
To test this proposed explanation of conflicting data,
we tested for inhibition of secondary siRNA production
in the presence of P0. The test was an extension of the
(C) The N-terminal but not the C-terminal part of AGO1 is stabilized
upon proteasome inhibition. An estradiol-inducible C-terminal-
tagged version of AGO1 (pER: AGO1-FLAG) was used in the same
way as in (B). AGO1 levels were tested by western blot with either
the FLAG antibody, to detect the C-terminal part of AGO1, or
AGO1 polyclonal antibody raised against a N-terminal 14 amino
acids to detect the N-terminal part of the protein. AGO1-FLAG is in-
dicated by a black arrow, the N-terminal 45 kDa AGO1 fragment by
a white arrow, and a crossreacting band, used as loading control, by
a star.
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(A) Diagram of the FLAG-AGO1 deletion constructs. Each construct has a FLAG-tag at the N terminus (not represented) and is under the regu-
lation of the 35S promoter. QR, glutamine-rich domain; ND, N-terminal domain; PAZ, PAZ domain; MD, middle-domain; PWI, PIWI domain; CT,
C-terminal domain. The domains are represented to scale.
(B) The PAZ domain is the critical determinant for P0-mediated degradation of AGO1. Each AGO1 deletion construct was transiently expressed
with 35S:P0 or 35S:GUS by agro-infiltration in N. benthamiana leaves. Protein level was assessed by anti-FLAG western blot 72 hr after
infiltration.assay with GF-IR, as described above, in which we used
a probe for the 30 end of GFP (‘‘P’’) to detect secondary
siRNAs from the GFP reporter transgene. The results
showed, as predicted, how these P-specific secondary
siRNAs, in contrast to the GF primary siRNAs, were
greatly reduced in the presence of P0 (Figure 4A).
In plants, there is a signal of silencing that spreads be-
tween cells. This signal can move from cell to cell
through plasmodesmata and can exert an effect over
a distance of 10–15 cells [26]. It can also move system-
ically through the phloem, but a long-distance effect is
dependent on an amplification mechanism involving
RNA-dependent RNA polymerases [27]. To find out
whether AGO proteins are required for the short-
distance signaling mechanism, we induced local silenc-
ing of GFP, either in the presence or absence of P0, in
GFP transgenic plants. If AGO proteins are required for
signal production, then the presence of P0 would inhibit
or reduce the spread of the silencing in the zone of 10–15
cells from the zone of local silencing.
The assay for the silencing signal involved transient
expression of aGFP transgene inN. benthamiana plants
that had an integrated and constitutively expressedGFP
transgene. In the zone of transient expression, the GFP
is initially bright as it is expressed from both the ectopic
and integrated transgenes, and it later fades because of
local silencing. In the surrounding zone, there wasa band of 10–15 cells in which a mobile silencing signal
induced silencing and loss of GFP (Figure 4B). The effect
of the mobile signal is blocked by the suppressors P19,
HcPro, and P38 that either interfere with the processing
of dsRNA into siRNAs or sequestrate siRNAs. However,
P0 had no effect on the surrounding zone of silenced
cells—even though the local silencing was completely
suppressed (Figure 4B). From this result, we conclude
that P0 does not move or moves slowly out of cells in
which it is expressed. In addition, because paralogous
forms of AGO are destabilized by P0, it is likely that
AGO proteins are not required in the cells that produce
the mobile silencing signal.
There are two main implications of our findings with
P0. First, our findings have implications for understand-
ing of F box proteins because they do not support a con-
ventional model in which P0 directs ubiquitylation of
AGOs and, subsequently, degradation by the protea-
some. Alternative models of a P0 mechanism include
the possibility of a degradation mechanism that may
not involve ubiquitin or proteasomes. Such a mechanism
might involve non-SCF complexes with both SKP1 and F
box components, as reported in yeast [28, 29]. The
45 kDa fragment (Figures 1 and 2) could be a by-product
of such a mechanism. Another alternative possibility is
suggested by the occurrence of ubiquitylated AGOs in
mass spectrometric analyses of Arabidopsis proteins
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verted Repeat Transcripts and Does Not Block a Short-Range
Silencing Signal
(A) A truncated 35S:GFP hairpin construct (GFPi) was transiently
coexpressed by Agrobacterium-infiltration in N. benthamiana
leaves together with GFP, P0, P38, or GUS under the regulation of
the 35S promoter. GFP fluorescence was visualized 4 days after in-
filtration and total RNAs and proteins were extracted from the infil-
trated material.GFP transcripts and siRNAs were detected by north-
ern blot hybridized with random primed probes. The GF probe
corresponds to the sequence of the GFP gene used in the GFPi hair-
pin construct and therefore detects both primary and secondary
siRNAs. The P probe is derived from the 30 part of the GFP sequence
not present in the GFPi construct and therefore detects only second-
ary siRNAs. GFP protein was detected by western blotting with
monoclonal GFP antibodies. Methylene blue staining of ribosomal
RNAs after northern transfer was used as loading control for high-
molecular-weight RNAs blots. U6 snoRNAs hybridized with a spe-
cific oligo probe was used as control for siRNAs blots and coomas-
sie stain of total proteins on the membrane as control for western
blots.
(B) 35S:GFP was coexpressed in 35S:GFP transgenic N. benthami-
ana (line 16c) leaves with diverse viral silencing suppressors or
GUS under the regulation of the 35S promoter. 7 days after infiltra-
tion, GFP silencing was visualized under UV. P0 efficiently[30]. Perhaps there is a specific pattern of ubiquitylation
that is required for normal function or assembly of AGO
ribonucleoprotein complexes. P0 could be a dominant-
negative inhibitor of the host F box protein required in
this process or it could direct an alternative pattern of
ubiquitylation that interferes with function or assembly
of AGO complexes.
The second impact of our findings is for understanding
the molecular biology of Poleroviruses. We envision that
P0 allows the virus to suppress a silencing-based antivi-
ral mechanism in the phloem without preventing the pro-
duction of viral siRNAs (Figure 4A). Consequently, there
is the possibility that these siRNAs and/or their dsRNA
precursor would move into cells adjacent to the phloem
as part of a silencing signal. These adjacent cells, unlike
the infected phloem cells in which P0 is produced, would
have functional AGO proteins and could use the RNA sig-
nal to target silencing against virus as it moves out of the
phloem. Therefore, the P0-mediated suppression of
AGO proteins could explain phloem restriction of Polero-
viruses. However, this rationale cannot be the complete
explanation: there may also be other factors involved be-
cause transgenic expression of the Hc-Pro silencing
suppressor does not allow spread of a Polerovirus out
of the phloem [31].
In addition to phloem restriction, this model explains
the synergism when plants are infected with a Polero-
virus and a second virus that is not restricted to the
phloem: the second virus would be able to suppress si-
lencing in cells that receive the signal and thereby help
the Polerovirus to spread out of the phloem [32]. The se-
vere disease in these double infections is most likely due
to the widespread distribution of the AGO suppressor
P0 and consequent disruption of endogenous RNA
silencing pathways.
Supplemental Data
Two figures, Results, and Experimental Procedures are available at
http://www.current-biology.com/cgi/content/full/17/18/1609/DC1/.
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